Abstract. Most Aedes aegypti dispersal studies have focused on females because of their central role in dengue virus transmission. Only a few mark-release-recapture (MRR) studies provided insights into male Ae. aegypti dispersal. To fill this knowledge gap, we conducted five male Ae. aegypti MRR experiments in a coastal village in southern Mexico. Small and large male cohorts were marked with fluorescent dusts, released outside buildings, and recaptures were carried out by using backpack aspirators. Recapture rates ranged between 0.35% and 6.55% and median distance traveled was 12-166 meters. A statistically significant difference in median distance traveled with large males dispersing farther than small ones was detected only in one experiment (MRR5: U = 3.5, P 0.01). Male dispersal data will be useful for constructing and estimating parameter values and validating models that will be used to plan the most effective release strategies for genetically modified male Ae. aegypti.
INTRODUCTION
Dengue virus (DENV) infection causes more human morbidity and mortality than any other vector-borne viral disease, with 2.5-3.0 billion persons at risk of infection, 50-100 million experiencing dengue fever, and 250,000-500,000 dengue hemorrhagic fever and dengue shock syndrome annually. 1, 2 Disease is caused by four closely related, but antigenically distinct single-strand RNA viruses belonging to the genus Flavivirus. 3, 4 Virus transmission to humans is mostly caused by the bite of infected Aedes aegypti, an anthropophilic mosquito that lives in close association with humans and preferentially bites people during daylight hours. Although other mosquito species have been incriminated as DENV vectors (i.e., Ae. albopictus and Ae. polynesienses), they are considered to play relatively minor roles compared with Ae. aegypti in global patterns of DENV transmission and disease burden. 5 Presently, dengue control is dependent on the reduction or elimination of Ae. aegypti. Although vaccines and therapeutics are a current focus of attention, none are currently licensed for broad scale use 6 and contemporary dengue control programs will continue to rely on vector control as the primary line of defense against virus transmission. When done properly, mosquito population control effectively prevents dengue. 7 Unfortunately, successful dengue vector control programs are the exception, and where they are well implimented, they are difficult to sustain. The urgent need to prevent the growing dengue public health problem has motivated the exploration of novel vector control approaches, such as the use of genetically modified mosquitoes. Genetically modified mosquitoes refractory to dengue infection 8 or carrying a lethal hereditable transgene [9] [10] [11] have been developed and tested in the laboratory. The potential use of population replacement and/or population reduction strategies has increased awareness of how little is known about movement, spread of genes, and mating behavior in natural mosquito vector populations. Gathering above mentioned information has become critically important for testing fundamental assumptions, risk assessment, and evaluating intervention strategies of genetic-based strategies for disease prevention.
Two ecological parameters that are of crucial interest for assessing genetic control strategies and that also play a key role in dengue epidemiology are Ae. aegypti dispersal and survival in the natural environment. Most published Ae. aegypti dispersal studies have focused on females, because only females take blood meals and are involved in DENV transmission. [12] [13] [14] [15] [16] Recent interest in the use of sterile or genetically modified male Ae. aegypti to reduce mosquito population densities and reduce dengue highlights how little is known about male biology, especially in natural settings. 17 The aim of this study was to help fill this knowledge gap by studying dispersal and survival of male Ae. aegypti in a dengueendemic area near city of Tapachula (Chiapas, Mexico) by means of mark-release-recapture (MRR) experiments. We also aimed to investigate how dispersal capabilities can be affected by different body sizes (large versus small) because recent studies 18, 19 have concluded that large Ae. aegypti males have a competitive mating advantage over small males. Knowledge generated from our study will be useful for the design of release strategies involving the use of transgenic Ae. aegypti males; i.e., release of insects carrying a dominant lethal (RIDL technique). 20 Additionally, this information is essential for regulatory risk assessment for contained or open field testing and eventually for designing and evaluating intervention trials. Female-specific Ae. aegypti RIDL strain produce no reproductively viable female progeny unless larvae are fed with a supplement, but male progeny survive and can bear and spread into natural mosquito population the sex specific lethal dominant gene, which confers a flightless condition in female progeny. 21 The RIDL strategy is intended to prevent DENV transmission by reducing or suppressing natural populations of Ae. aegypti (i.e., population reduction).
MATERIALS AND METHODS
Study area. The MRR experiments were carried out in the village of Buenos Aires (Mazatan County, Chiapas, Mexico; 14 53 20.71 N, 92 28 48.96 ; elevation above sea level = 13 meters) (Figure 1 ). The village covers approximately 1 km 2 with a population of approximately 3,800 inhabitants. Soya, mango, sugar cane, and banana fields surround the village. It is located 5 km from any other village, 10 km from the Pacific Ocean, and 35 km from the city of Tapachula where our insectary facilities were located. One dengue fever case was reported in the village during the year previous to this study (2008) , and one hemorrhagic dengue case was reported during the period of the study (2009).
Houses were of medium to large size (between 80 and 160 m 2 with at least /two/three bedrooms), in most cases with a garden and a courtyard where most of the human daily activities were carried out. Most houses were made of concrete and had corrugated metal roofs. A few houses were made of bamboo and had palm roofs. The municipal water supply was not constant in the village and almost all houses had water tanks for storing water for daily use in which Ae. aegypti larvae could potentially develop.
Climate at the study area is characterized by a rainy season with an average of 2.1 meters of rainfall from May through October and a dry season with an average of 0.2 meters of rainfall from November through April.
Locations in the village where MRR experiments were carried out are indicated in Figure 1 . MRR1 and MRR2 were carried out in the central area of the village. MRR3, MRR4, and MRR5 were carried out in the northwest, southwest, and northeast peripheral quadrants of the village, respectively.
Approvals by institutions and community engagement. Our study design was approved by the University of California Davis Institutional Review Board (Protocol #200917036) and by the Ethics, Biosecurity and Research Commissions of the National Institute of Public Health in Mexico (INSP, Protocol #50-6344). Community engagement activities were carried out in the village to exchange knowledge regarding dengue transmission, its prevention, vector control strategies, and to seek participation and authorization for this study. Before each MRR experiment, several meetings were convened with the authorities of the village (approximately 20 persons) and with community participants in the largest government sponsored nutrition and dietary supplement program Oportunidades (http://www.sedesol.gob.mx/es/SEDESOL/Programa_de_ Desarrollo_Humano_Oportunidades). Oportunidades meetings were attended primarily by women, as representatives and primary care-givers of households (100-150 women/meeting). Once collective approval was obtained, each household within each study section was visited to obtain verbal informed consent, or in the case of the last study (MRR5) written informed consent, and requested to participate in the study by allowing personnel to collect mosquitoes from outside and inside their houses before each study (by means of larval collections) and on the days after male mosquito release (by means of adult collections) until the end of each experiment. After each study, all above authorities and community members were convened again to explain study results, present the design of the next study, and to request collective participation and authorization.
Mosquitoes. Aedes aegypti males used in each MRR experiment were F 1 progeny from field-collected larvae and pupae. Before each MRR trial, immature Ae. aegypti collections were carried out in the village. Field-collected material was brought to the insectary and maintained at 27 C and a relative humidity of 80% until adult mosquitoes emerged. Aedes aegypti adults were then held in insectary cages and fed blood from a rabbit (University of California Davis Animal Care and Use protocol 15653, INSP Biosecurity approval CB08-205) to obtain eggs that were used to rear the Ae. aegypti males we used for our MRR experiments. This enabled us to 1) release males that were maintained in the laboratory for just one generation, 2) not introduce novel genes into the local mosquito population, and 3) provide an advantage to the community with a short-term reduction in the overall mosquito population density in the houses where we conducted our entomologic collections. During our pre-trial surveys, we eliminated potential Ae. aegypti larval development sites whenever possible and informed house owners about basic measures to avoid the presence of Ae. aegypti larvae in or around their houses.
Mosquito rearing and marking procedures. The F 1 eggs were hatched under a vacuum for synchronous hatching. 22 First instar larvae were reared at a density of 0.17 larvae/mL and fed fish food (Microbites; Mascotas y Acuariofilia, Ecatepec, Mexico) by using two distinct diets that were intended to obtain adults within two non-overlapping body sizes as determined by wing length. As determined in previous trials, high and low nutrient diets consisted of 0.14 mg/ larva/day and 0.04 mg/larva/day, respectively (Valerio L, unpublished data). As soon as pupae were detected, they were collected from rearing trays, sexed by size dimorphism, 23 and male pupae were put in insectary cages (60 + 60 + 60 cm) and provided with cotton soaked with a 10% sucrose solution. Every 12 hours, cages were checked to eliminate any females before they could mate. This enabled us to release virgin males, which was important for two reasons: 1) release a homogenous population of males (all unmated) and 2) reproduce what would occur under conditions for a female-specific Ae. aegypti RIDL male release (i.e., all released transgenic males would be unmated).
The day before the release, 2-6-day-old males were collected from holding cages with mouth aspirators, put in 900-mL Styrofoam cups (100 males/cup), and marked with fluorescent dusts (Day-Glo Color Corp., Cleveland, OH). Dusts were applied by atomizing dust with 3-mL syringes filled to 0.3 mL for each cup. Small and large cohorts were marked with different colors. The long interval between each experiment (two months minimum; Table 1) ensured that all recaptured marked males belonged to the current release because maximum male lifespan is approximately 18 days under natural environmental conditions. 24 Males released simultaneously in two different areas during MRR3 and MRR4 were marked with four different color dusts so we could distinguish between size and site of release. Effect of larval diet on survival of large and small males under insectary conditions. To determine the effect of poor versus high larval diet on male survival, recently emerged small and large males (20 individuals of each size) obtained from larvae reared under low versus high regimen diet (as described above) were held individually in plastic cups. The internal walls of the cups were lined with filter paper that was moistened daily to maintain humidity. The top of the cup was covered with mosquito netting. Males were kept in the insectary at 27 C and a relative humidity of 80%, provided with a 10% sucrose solution, and examined daily for mortality.
Effect of fluorescent dusts on survival of males under insectary conditions. One-day-old F 1 Ae. aegypti were held in two control cages as unmarked individuals (Cage A: females = 29, males = 27; Cage B: females = 30, males = 22) and two treatment cages as dusted individuals (Cage C: females = 21, males = 27; Cage D: females = 25, males = 28). Adults were provided with a 10% sucrose solution, maintained under insectary conditions described above, and checked daily for mortality for 20 days.
Survival of large and small dusted male cohorts under semifield conditions. A field survival experiment was carried out during early June (rainy season) 2009. Two data-loggers (Hobo Pro v2 temp/RH; Onset Computer Corporation, Bourne, MA) were put inside cages to collect data on temperature and relative humidity. Small and large 4-5-day-old F 1 Ae. aegypti males and females (50 for each kind) were released in two large field cages (2.5 + 5 + 1.8 meters) provided with two sources of water, two balls of cotton soaked with a 10% sucrose solution, and resting sites as described by Facchinelli and others. 25 Small and large cohorts were dusted with two different colors. Mosquitoes were maintained inside the cages for 14 days and then recaptured with backpack aspirators (John W. Hock Company, Gainesville, FL) to gather information on survival and to determine if markings were still detectable. Females were added to each cage to offer opportunities for mating and to better simulate open field conditions.
Climatic data. During all MRR experiments temperature and relative humidity were recorded with one Hobo datalogger located in the garden of a house situated in the central area of the village. On the roof of the house (4 meters from the ground) a weather station (Hobo Microstation; Onset Computer Corporation) was located to collect information Mosquito collections and identification. Before the study, we assigned a number to each block of the village. During pre-trial surveys, houses within study areas were labeled with a code indicating the number of the block and the house. Release points and each house located within the study area were georeferenced by using a global positioning system. During all trials, mosquitoes were collected indoors and outdoors by using backpack aspirators. We considered indoor locations to be those spaces surrounded by at least three walls and covered by a roof, and outdoor collections were performed within three meters from the edge of the roof. Time spent in each house was variable and ranged from 20 to 30 minutes, depending on the size and complexity of the house. Captured mosquitoes were brought to the insectary, frozen, counted, and morphologically identified to genus/ species and sex by using a stereoscope. Aedes aegypti males were then examined under UV light for the presence of fluorescent dust. Marked and unmarked males were stored in different vials. The right wing of all Ae. aegypti males was removed when possible (i.e., wing was not damaged) and was dry mounted on a microscope slide. Wing length was measured to the nearest 0.01 mm as the distance from the axial incision to the R 4+5 vein excluding the fringe setae 26 by using a stereoscope equipped with an ocular micrometer.
Study design. In all MRR experiments, males were released outdoors at sunrise approximately in the center of the recapture area. The three different areas of the village where MRR trials were carried out are shown in Figure 1 . Details for the experimental design of each MRR trial are shown in Table 1 .
MRR1 and MRR2. Our first two experiments were carried out in June and September 2009, respectively ( Table 1) . The study area consisted of a total of 28.26 ha (14.97 houses/ha) with a radius of 300 meters and was divided into three concentric sectors with radii of 100, 200, and 300 meters from the release point. The number of houses sampled daily in each sector (sector 100 meters: n = 4; sector 200 meters: n = 12; sector 300 meters: n = 20) was calculated taking into account sector areas (sector 100 meters: 3.14 ha; sector 200 meters: 9.42 ha; sector 300 meters: 15.7 ha) to have an equal sampling effort in each sector (i.e., 1.3 houses/ha/sector). A total of 36 houses was randomly selected and surveyed each day across all sectors. Each subsequent day different houses were sampled until all houses inside the study area were sampled. In general, each house was sampled no more than twice during the study. During MRR1, collections started four days after the release and during MRR2, they started two days after release. In both experiments, collections were carried out for 14 days.
MRR3 and MRR4. These two experiments were carried out simultaneously in December 2009. Each study area consisted of nine blocks at the northwest and southwest periphery of the village (Figure 1 ) in a total area of 12.27 ha (9.40 houses/ha) and 12.14 ha (7.66 houses/ha) for MRR3 and MRR4, respectively. Collections started two days after the release and were carried out for a total of 10 days (Table 1) . Males were marked with four different dusts to distinguish between size and site of release. In these two experiments, we focused on smaller study areas because during MRR2, most marked males were collected close to the release point. A total of 18 houses was selected and surveyed each day for each study area. The criterion for collection house selection was to have an equal number of sampled houses/block/day (n = 2). Within each block, houses were randomly chosen. Each subsequent day, different houses were sampled in each block until all houses inside the study areas were sampled. In general, each house was sampled no more than twice.
MRR5. This experiment was carried out in March 2010. The study area consisted of nine blocks at the northeast section of the village (Figure 1) , with a total area of 11.62 ha (8.91 houses/ha). During this experiment, the number of collection houses/ha/day was almost double compared with previous experiments (Table 1) to gather finer-scale information on marked mosquito distribution. Collections started seven hours after the release and were carried out for seven days (Table 1) . During the first two days of collections, we collected only from houses located at the edge of the study area from 12 houses/day to gather information on rapid, early male dispersal. From day 3 until the end of the experiment, 36 houses were surveyed daily. When possible, we tried to maintain the same number of houses surveyed per block (n = 4), but this was not always feasible because house owners were not always available. In general, each house was sampled no more than twice.
Statistical analysis. Data sets were checked for normality by using the Kolmogorov-Smirnov test, and when data did not follow a normal distribution, non-parametric statistics were applied. Survival under insectary conditions of dusted and not dusted large versus small males was compared by using Kaplan-Meier survival curves that were then compared by log-rank test. The Fisher exact probability test was used to analyze differences in the number of small versus large males that survived under semi-field conditions after a two-week period. Recapture rates of small and large males were calculated for each MRR as the proportion of the number of recaptured marked mosquitoes over the total number of released for each size cohort.
Wing length data were normally distributed (P 0.05) and differences in wing length between small, large, and wild collected males in each MRR experiment were analyzed with analysis of variance, followed by the Tukey post-hoc test.
Dispersal distances were calculated for each recaptured male as the linear distance from the release point to the house where it was recaptured. Thus, the dispersal estimates do not account for indirect flight patterns, but represent net movement from the release point until recapture. Dispersal distances of the two different size cohorts were calculated as the median distance traveled (MedianDT); i.e., the median linear distance from the release point. Maximum distance traveled (MaxDT) was established as the linear distance from the release site to the most distant point where marked males were recaptured. Dispersal distances did not follow a normal distribution (P 0.001), and differences in MedianDT and in MaxDT between small and large cohorts within each MRR were evaluated with the Mann Whitney U test. To investigate movements of marked males through time, linear regression analysis was applied to the MedianDT of marked and recaptured males against days of collections.
For analysis of survival of small and large males recaptured during each MRR study, regression lines were computed by fitting the log-transformed number of recaptured males against the day of collection. To analyze differences in survival between small and large males during each MRR study, the slopes of regression lines were compared. 27 The probability of daily survival (PDS) for marked male cohorts in each MRR experiment was estimated by fitting the exponential model 28 to log-transformed data for recaptured males against the day of collection. The antilogarithm of the slope of the regression line gives an estimate of PDS. 29 The average life expectancy was calculated from the PDS as 1/-log e PDS. 29 Despite the fact that the exponential model has two fundamental drawbacks (it assumes a priori that mosquito mortality is age independent and it does not consider removal of individuals by the capturing method), it has been traditionally used to describe mortality patterns in mark release recapture experiments with Ae. aegypti.
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RESULTS
Effect of larval diet on survival of large and small males under insectary conditions. Survival of large and small males was 100% for 30 days. Survival curves for the two size cohorts, however, were significantly different (Mantel-Cox χ 2 = 9.36 degrees of freedom [df] = 1, P = 0.002) with large males having a higher median survival time (61 days) than small males (50 days) (Figure 2 ). We do not expect shorter median survival time of small male cohorts to have affected results of MRR experiments because the longest trials (MRR1 and MRR2) lasted only 18 and 16 days, respectively, which correspond to a maximum age of 24 and 22 days.
Effect of fluorescent dusts on survival of males under insectary conditions. No difference in survival between marked and unmarked males was detected (Mantel-Cox χ 2 = 3.66 df = 3 P = 0.301); i.e., survival in the insectary was not affected by the marking method evaluated over a 20-day period.
Survival of large and small dusted male cohorts under semifield conditions. The mean ± SD temperature and mean ± SD relative humidity registered during the two weeks of the experiment were 26.35 ± 2.50 C and 83.73 ± 7.45%.
No differences in the survival of either small or large males were detected between replicates (small: Fisher exact P = 0.44; large: Fisher exact P = 0.74). Overall, no difference in survival between small versus large cohorts was detected (Fisher exact P = 0.72). After the two-week period, a mean number of three small and five large males were found surviving inside the cages, which correspond to a daily survival of 0.82 and 0.85, respectively, and markings on all survived mosquitoes were still clearly detectable.
Climatic data. Climatic data of MRR1 are not shown because only seven marked males were recaptured. Mean ± SD temperature was 27.56 ± 4.45 C, 26.89 ± 4.05 C, and 26.70 ± 0.29 C during MRR2, MRR3 + 4, and MRR5, respectively. Mean ± SD relative humidity was 82.43 ± 10.37%, 76.87 ± 15.07%, and 77.67 ± 2.38% during MRR2, MRR3 + 4, and MRR5, respectively. During MRR2, 149.80 mm of rainfall fell over nine days; most fell on day 9 and day 13 of collections (84.80 mm and 51.00 mm each day, respectively). No rainfall occurred during MRR3, 4, and 5.
Wind direction and mean wind speed recorded during MRR2 and MRR3 + 4 are shown in Figure 3 , respectively. Mean wind speed was in the range of 0.24-1.14 meters/second ( Figure 3B ) and 0.02-1.02 meters/second ( Figure 3D ) during MRR2 and MRR3 + 4, respectively. The maximum wind gusts registered were 9.09 meters/second and 6.31 meters/ second during MRR2 and MRR3 + 4, respectively. In general, the predominant wind blew from the south to the north during MRR2 and MRR3 + 4 (MRR2: mean wind speed = 0.53 meters/second and MRR3 + 4: mean wind speed = 0.10 meters/second). Aedes aegypti has been reported to fly upwind at air speed up to 1.5 meters/second. 33 Mean wind speed recorded during MRR experiments was 1.14 meters/ second, which indicated that the wind had in general no effect on Ae. aegypti male dispersal patterns observed during the experiments. Moreover, gust directions did not overlap with the direction recorded for high dispersal males, which excludes their effects on released male dispersal.
Mosquito collection and identification. Mosquitoes collected in each MRR experiment are shown in Table 2 . A total of 35,696 Culicidae were collected during all experiments, of which 18.88% were Ae. aegypti (n = 6,741), 64.37% were Culex spp. (n = 22,978), 16.15% were Ochlerotatus taeniorhyncus (n = 5,764) and 0.60% were Ae. albopictus (n = 213). High numbers of Culex spp. were captured indoors and outdoors while resting in dark and humid places in all MRR experiments, which indicated that these mosquitoes emerged from larval development sites in and around the community. High numbers of Oc. taeniorhyncus were captured only during MRR1 while resting indoors and outdoors. MRR1 was performed at the beginning of the rainy season when the first heavy rains and southern tropical storms promoted egg hatching of this species in the salt marshes of the costal area located close to the village of Buenos Aires. Females of this species are strong fliers and are able to migrate to communities located miles away from the salt water marshes where they develop seeking for hosts. This finding might explain the higher number of females of this species with respect to the number of male Oc. taeniorhyncus collected in MRR1. Only 213 Ae. albopictus were recaptured in all experiments, although this species is widely spread in the area (Bond G and others, unpublished data).
Although the number of houses sampled per ha/day was the same during MRR1 and MRR2 (Table 1) , more mosquitoes were collected during MRR1 than MRR2 (25,504 versus 4,269) (Table 2) (Yates χ 2 = 8,674 df = 1, P 0.0001). In MRR3 and MRR4, the number of houses sampled per ha/day was similar (Table 1) , and no differences were detected in the total number of mosquitoes collected (2,119 versus 2,296) Table 2 ) (Yates χ 2 = 3.47, df = 1, P = 0.06). During MRR5, 1,508 mosquitoes were collected, of which 53% were Ae. aegypti (Table 2) .
More Ae. aegypti were always collected indoors than outdoors. This finding was observed for females (79.02%) and males (77.13%). The number of Ae. aegypti females/house fluctuated between 0.85 in MRR4 and 2.93 in MRR1, and the number of males/house ranged between 1.09 in MRR4 and 2.72 in MRR3.
Release and recapture data. A total of 17,232 Ae. aegypti marked males were released during all five MRR experiments (1,984 in MRR1, 6,000 in MRR2, 2,107 in MRR3, 2,010 in MRR4, and 5,131 in MRR5), of which 55.63% were large and 44.37% were small (Table 1) . Highly significant differences were observed in the mean wing length of large, small, and wild Ae. aegypti males in each MRR experiment (Table 3) . Mean wing length ranged between 2.2 and 2.3 mm, 1.9 and 2.1 mm, and 2.0 and 2.1 mm for large, small, and wild males, respectively. During MRR2 and MRR3 + 4, small males were similar in size to wildcollected males (Table 3 ) (P = 0.11 for MRR2 and P = 0.92 for MRR3 + 4, by post hoc Tukey test).
A total of 390 (4.07%) and 332 (4.34%) large and small males were recaptured, respectively, and in both most ( 84%) males were recaptured indoors. Numbers of recaptured males and observed recapture rates for each MRR experiment are summarized in Table 4 . Recapture rates during MRR1 were low (a cumulative recapture of 0.35%) because we waited relatively long (4 days) after the release to initiate collections. During our other MRR experiments, recapture rates ranged between 3.09% (95% confidence interval [CI] = 2.21-4.31% in MRR4) and 7.81% (95% CI = 6.35-9.57% in MRR3) for large males and between 2.12% (95% CI = 1.38-3.25% in MRR4) and 5.93% (95% CI = 5.14-6.83% in MRR2) for small males.
Overall, 99%, 92%, and 79% of marked males were collected during the first 4 days of collection in MRR2, MRR3, and MRR4, respectively. In MRR5, collections were initiated seven hours after the release and during the first two days (day 0 and day 1), and sampling was performed only on the periphery of the study area and yielded seven marked males. Most (94.88%) recaptured males were collected between day 2 and day 5 of collection, which corresponded to the first 4 days of MRR2, MRR3, and MRR4 collections.
Dispersal and survival. The distribution of marked males that were collected during MRR2, MRR3, MRR4, and MRR5 is shown in Figure 4 . Dispersal data from MRR1 are not shown because only seven marked males were collected during that experiment. Of the total recaptured marked males, 94.5% (n = 309), 93.48% (n = 138), 71.70% (n = 53), and 79.5% (n = 215) were collected 100 meters from the release point during MRR2, MRR3, MRR4, and MRR5, respectively. As shown in Figure 4 , most recaptured males were collected in the same block where they were released (MRR2 = 88.67%; MRR3 = 88.41%; MRR4 = 54.71%; MRR5 = 67.91%). Spatial distribution of recaptured marked males was highly aggregated in all experiments; more than 50% of the recaptured marked males were collected in just three houses that were close to the release point. In MRR2 and MRR3, this percentage was 86%.
Daily and cumulative MedianDT and MaxDT of large and small male cohorts for each MRR experiment is shown in Table 5 . The cumulative MedianDT was 100 meters for large and small males in all experiments, except in MRR1. No differences were observed in the cumulative MedianDT between large and small males during MRR2, MRR3, and MRR4, (see P values in Table 5 ). During MRR5, large males dispersed farther than small males (U = 4075.00, P 0.01). The same situation was observed for the difference between the MaxDT of large and small male cohorts (see P values in Table 5 ); a significant difference was detected only during MRR5 (U = 3.5, P 0.01) when large males had a higher MaxDT than small males.
Daily MedianDT for each MRR experiment, except MRR1, calculated from two to five days after release when most males were recaptured is shown in Figure 5 . Data from large and small males were merged in MRR2, MRR3, and MRR4. For MRR5, data were maintained separately because *MRR = mark-release-recapture; CI = confidence interval; ANOVA = analysis of variance. ANOVA followed by the Tukey post-hoc test was performed for each MRR experiment. Different letters indicate significant difference between variables within each MRR experiment at P = 0.05.
†In MRR1 we did not recollect enough males to gather information on wing length. Thus, wing length data for MRR1 were obtained from a sample of males that emerged from the same rearing trays as the released males. Wing length data of MRR2, MRR3, MRR4 and MRR5 pertain to large and small males that were recaptured. the two sets of data were statistically different. The seven marked males released in the MRR4 area and recaptured during the first day of collection outside that area, at a MedianDT of 533 meters, were excluded from dispersal analysis because although these data are interesting, they cannot be combined with data belonging to the rest of the MRR4 area. Overall, the daily MedianDT slowly increases through time from two to five days after the release. In all experiments, values of slopes of equations obtained from linear regression analysis applied to the MedianDT by marked and recaptured through time indicate that males move only short distances each day (MRR2: y = 15.71x + 29.95, R 2 = 0.86, P = 0.06; MRR3: y = 32.08x -29.64, R 2 = 0.95, P = 0.03; MRR4: y = 13.74x + 27.84, R 2 = 0.82, P = 0.09; MRR5 large males: y = 3.87x + 56.02, R 2 = 0.16, P = 0.60; and small males: y = 8.54x + 31.58, R 2 = 0.43, P = 0.35). Although most recaptured males did not disperse far from the release point, our results indicate that some have striking dispersal tendencies; within 48 hours after release, 2 males were collected 301 meters from the release point in MRR2, 1 male was collected 200 meters from the release point in MRR3, and 7 males were collected at 533 meters from the release point in MRR4. Results from early collections carried out during MRR5 show that 7 males were collected between 134 and 181 meters from the release point during the first 48 hours after release. These data indicate that some individuals exhibit relatively strong flight abilities for this species shortly after release.
No differences were detected in the survival of small and large male cohorts for any MRR; slopes obtained from the regression lines of the log-transformed number of small and large recaptured males against days of collection were not significantly different (Table 6 ). Therefore, we concluded that assuming a common slope for the two size cohorts was reasonable. The PDS ranged between 0.48 (during MRR5) and 0.82 (during MRR4) and provided an estimate of average life expectancy in the range of 1.36 and 5.10 days (Table 7) . DISCUSSION Previous Ae. aegypti dispersal studies focused on adult females and indicated that the species has limited dispersal tendencies. 24, 29, 32, 34, 35 In our study, males showed a similar propensity to disperse short distances, with a minimum of 83.02% of recaptures occurring within 100 meters of the release point and 50% of marked males being collected in the same block where they were released.
The age interval of released males (a maximum of four days between young and old males) was narrow enough that we expect it did not affect dispersal distances. This finding is consistent with results of the study of Harrington and others, 35 which did not detect an age-dependent effect on dispersal distances of males Ae. aegypti during MRR experiments in Thailand and Puerto Rico.
Low mean wind speed registered during MRR2 and MRR3 + 4 indicate that males flew actively, and wind direction and speed did not substantially affect their dispersal. However, it is worth noting that 7 males that were collected 533 meters from the release point during MRR4 flew north in the direction of prevailing winds. In this experiment, these individuals may have exploited southern winds for rapid dispersal. The MaxDT recorded during MRR4 represents the highest value reported for MaxDT that we could find for Ae. aegypti males. Harrington and others 35 reported a MaxDT of 453 meters, and other studies detected a MaxDT in the range of 100-160 meters. 24, 29, 32 Male size did not affect dispersal, except in MRR5, when large males dispersed farther than small males. The number of houses sampled/ha/day was almost double in MRR5 than in other MRR experiments. This finding enables higher resolution and statistical power to detect dispersal differences between large and small males. Results indicate that larger males could have relatively higher dispersal abilities than smaller males. Similarly, Maciel-de-Freitas and others 32 assessed the effect of body size on displacement of male Ae. aegypti and found that although it was not statistically significantly different, larger males tended to disperse farther than smaller males (42 meters versus 32 meters).
Excluding results from MRR1, the cumulative MedianDT was low ( 68 meters) and in the range of other studies. Muir and Kay 29 in northern Australia found that males moved an average of 35 meters. Trpis and Hauserman 24 in Kenya calculated a mean distance traveled of 44 meters. Tsuda and others 34 in China found that the greatest mean distance traveled was 60 meters. Harrington and others 35 reported that 72% of marked males in Thailand were found in the house adjacent to where they were released.
In our MRR experiments, the MedianDT increased slowly over time, which indicated that male daily dispersal is low (average = 15 meters/day), which is identical to the approximately 15 meters/day reported by Harrington and others 12 for female Ae. aegypti. Interestingly, a small number of males in all of our experiments moved considerably longer distances. This finding was most evident in MRR5, when 3 marked males moved approximately 170 meters during the first 7 hours after release. The fact that a few males rapidly moved relatively long distances in a short period could have been caused by a crowding effect from cages where males had been maintained just before release. 36 To test if crowding can affect dispersal capacity, additional experiments using different holding densities are required. Results will be useful in planning optimal release strategies for RIDL males. However, current data indicate that most males do not engage in rapid long-range dispersal. The spatial distribution of recaptured marked males in our experiments was highly aggregated. More than 50% of recaptured males were always collected in only three houses that were near the release point, and most large and small marked males were collected together in the same houses. These findings are consistent with results from spatial analyses by Getis and others. 37 After two months of intensive entomologic surveys in Iquitos, Peru, they found that adult Ae. aegypti tended to cluster within single households, implying that most adult Ae. aegypti do not fly far from the container where they developed as larvae. Therefore, we speculate that without physical/ecological barriers and low wind speed, males released outdoors in groups, as was performed in our experiments, will tend to disperse short distances in any direction, and then select some preferred sites where they tend to persist and spend the great part of their adult life. This scenario is supported by the fact that in those buildings where high numbers of marked males were collected during the first visit, a few marked individuals were collected during the second visit, indicating that they possibly escaped the first sampling and remained in the same building. Most of these buildings were dark and humid, with dark objects (such as buckets, chairs, boxes with clothes over them, or shoes) where males were frequently collected.
Our overall recapture rate of 4.19% is in the range of that found in other studies. Muir and Kay 29 used sticky traps and had a recapture rate of 14.8% and 4.6% for two cohorts of Ae. aegypti dusted males in northern Australia. Using backpack aspirators and BG traps in Brazil, Maciel-de-Freitas and others 32 reported a recapture rate of 12.27% and 7.35% for small and large Ae. aegypti males, respectively. Tsuda and others 34 in Hainan Island, China, had a recapture rate ranging between 2.8% and 1.3%. Harrington and others 35 reported a higher recapture rate (17%), and most (72%) males were recaptured in the house adjacent to the outdoor release location. It is worth noting that in all of the above cited studies, recaptures started the same day or the day after the release, and most males were recaptured during the first day of collection. In our study, we waited a minimum of two days in most experiments before starting collections near the release point. This procedure gave males time to disperse or die and may help to explain why our recapture rates were somewhat reduced compared with those reported by our predecessors. Four days after release, the number of marked males collected per day decreased dramatically. In MRR4 we had a relatively low recapture rate of 2.64%. An interview with the owner of the property where males were released led us to suspect that he had used insecticide just after the release. Insecticide application could explain our low recapture rate in that experiment and why a few males were collected at relatively longer distances from the release point. Longerrange dispersal in this case could be the consequence of the repellent effect of synthetic pyrethroids 38 that are commonly available in markets near our study area.
High mortality in natural environmental conditions is probably an important issue affecting our ability to detect Ae. aegypti marked males. We infer dispersal behavior on the basis of less than 5% of released Ae. aegypti males; no information is available for the remaining 95%. Results from our pre-trial test that was carried out to investigate survival of Table   5 Median and maximum distance traveled (MedianDT and MaxDT) for large and small cohorts, Buenos Aires, Mexico* marked mosquitoes in field cage conditions, indicated that after 2 weeks, only 8% of males survived with a mean daily survival rate of 0.84. Results from our MRR experiments indicate that survival is much lower under natural conditions, ranges between 0.48 and 0.82, and is similar for the two size cohorts evaluated. The PDS values were similar to those calculated by Muir and Kay 29 by using the same method (0.57); by Trpis and Hauserman 24 by using the Jolly-Seber stochastic method (0.53); and by McDonald, 39 who compared observed to estimated survivorship curves (0.77); and are in the range of those obtained by Sheppard and others, 40 who used a modification of the Fisher and Ford deterministic model (0.55-0.87). High mortality in open field conditions is a possible explanation for the low number of recaptured males six days after release and suggests that most Ae. aegypti males were not recaptured because they did not survive, not because they flew out of the recapture area.
Results from our Ae. aegypti male dispersal study provide valuable information relevant to development of male release strategies for genetic approaches to prevent dengue. Our dispersal and survival data indicate that males will need to be released frequently at a relatively fine geographic scale because they tend not to live long or move far. This kind of information is important for predictive modeling, such as the one developed by Magori and others 41 to estimate patterns of transgene spread from genetically modified mosquitoes into wild mosquito populations and the impact of released males on population suppression or population replacement. This information will help predict and evaluate, in different ecologic settings, which genetically modified mosquito delivery/ release strategy is most effective.
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